Introduction
The ac cu rate mea sure ment of heat trans fer rates has long been rec og nized as a key to im prove ments is such un steady en ergy con ver sion de vices as in ter nal com bus tion en gines and aero dy nam ics ve hi cles. The heat flow in these de vices is usu ally quite high (hun dreds of ki lo watts per square me ter) and very un steady. Thus, the re quire ment, for a rug ged and non-dis turb ing heat flux sen sor with high re sponse, is nec es sary for these appli ca tions. There fore, the erod ing sur face thermocouples have been used for many years in var i ous ap pli ca tions in clud ing boil ing stud ies [1] [2] [3] [4] [5] [6] , in the drop lets of mol ten met als [7] [8] [9] [10] [11] , in in ter nal com bus tion en gine heat flux mea sure ments [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , and in aerothermodynamics ex per i ments [22] [23] [24] and bal lis tics re search [25] . The erod ing surface rib bon el e ment ther mo cou ple is a type of com mer cially avail able sur face junc tion ther mo cou ple which has been used in sim i lar ap pli ca tions. The erodable sur face thermocouples are of ten used in in ter nal com bus tion en gine since it is rel a tively low cost and ro bust de vices with dem on strated de lay or rise time typ i cally less than 30 ms [15, 26] . Such fast re sponse times are achieved be cause a low ther mal in er tia junc tion is cre ated by sand ing or scratch ing the sur face of the ther mo cou ple by us ing abra sive pa per or scal pel blades, the ther mo cou ple ma te ri als them selves form part of the nom i nally semi-in fi nite gauge sub strate. The erod ing ther mo cou ple pro vides a mea sure ment of tem per a ture close to the sur face of the gauge be cause of low ther mal in er tia of the junc tion. In or der to identify the in stan ta neous heat flux from the mea sured sur face tem per a ture his tory, it is neces sary to ap ply a suit able model for the tran sient heat con duc tion pro cess within the surface ther mo cou ple. Most of pre vi ous in ves ti ga tors have used the one-di men sional heat con duc tion model [15, 17, 18, 25] . Un der such con di tions, the only pa ram e ter that en ters the anal y sis for iden ti fi ca tion of the tran sient com po nent of the heat flux is the ther mocou ple ther mal prod uct (rck) 1/2 . Many at tempts have been made to iden tify suit able values of (rck) 1/2 for erodable sur face thermocouples through cal i bra tion by us ing the droplet of wa ter and shock tube [26] or us ing the la ser en ergy pulse ap plied at the sur face of the ther mo cou ple [27] , al though it some times as sumed that the ther mal prop er ties of the gauge will be dom i nated by the sur round ing ma te rial into which the ther mo cou ple is embed ded as ob served by Oude Nijeweme et al. [18] . How ever, the com pos ite con struc tion of erodable sur face thermocouples makes it un likely that a sin gle value of (rck) 1/2 can be ap plied at all fre quen cies of in ter est. As dis cussed by Buttsworth [26] the cal i bra tions to iden tify (rck) 1/2 should ide ally be per formed on the time scales of in ter est in the ac tual ex per i ments. How ever, if the one-di men sional heat con duc tion as sump tion is fun da mentally flawed for the timescales of in ter est, even such cal i bra tions may not en sure the ac curate de duc tion of the heat flux.
There fore, the pur pose of this ar ti cle is to nu mer i cally in ves ti gate the tran sient re sponse of two-di men sional fi nite el e ment (FE) model for four types of erodable sur face thermocouples in cluded (type-K, type-E, type-T, and type-J) for dif fer ent time scales in or der to de ter mine the pos si ble lim i ta tions of the com monly ap plied one-di men sional heat con duc tion as sump tion also to com pare the re sults of the sur face tem per a ture his tory and the ther mal tran sient re sponse for dif fer ent ther mo cou ple types.
Theoretical background
The op er at ing prin ci ples and typ i cal sen sor de signs that are em ployed for transient heat trans fer mea sure ments are re viewed by Schultz and Jones [28] . To ob tain the fast est pos si ble re sponse from the sen sor, it is ad van ta geous to base the heat trans fer mea -sure ments on tem per a ture data ob tained di rectly at the sur face of the body un der study. The un steady con duc tion of heat within a solid body is de scribed by lin ear par tial dif feren tial equa tions when the tem per a ture gra di ents re main small. Thus, the heat trans fer rates to the sur face of a body may be in ferred from the time his tory of tem per a ture measure ments made close to the sur face by solv ing the re sult ing in verse dif fu sion prob lem. Com mon sens ing mech a nisms for ob tain ing the re quired tem per a ture data are the vari ation of re sis tiv ity of a thin me tal lic film with tem per a ture or the gen er a tion of a ther moelec tric elec tro mo tive force at a junc tion of dis sim i lar met als [28] . It is im por tant to recog nize that the choice of ba sic con fig u ra tion has a sig nif i cant im pact on sen sor deg ra da tion mech a nisms, and thereby the ac cu racy and ro bust ness of a sen sor in hos tile flow en vi ron ments. In or der to elu ci date the im por tant op er at ing prin ci ples and de sign cri te ria we briefly re view the un steady, lin ear con duc tion of heat in a one-di men sional semi-in fi nite solid that is de scribed by:
where T is the temperature, x is the spatial coordinate normal to the surface, and t is the time. For uniform initial conditionT i and instantaneously applied, constant surface heat flux q:
The so lu tion is known to be:
Ap prox i ma tions to this ex act so lu tion are use ful be cause they high light the key de sign pa ram e ters for prac ti cal heat trans fer gauges. Ex pand ing this so lu tion as ymp tot ically in pow ers of t as t ® 4 at con stant x we ob tain:
The first term is as ymp tot i cally valid for x/(at) 1/2 < 1 and ex presses the usual result that the sur face tem per a ture rises para boli cally with time for a con stant heat flux. The cri te rion x/(at) 1/2 < 1 pro vides a limit on the re quired thin ness of the sur face sens ing el ement for prac ti cal de signs. The sec ond or der term (q/k)x gives the er ror in the sur face tem per a ture mea sure ment as so ci ated with this fi nite thick ness and this es ti mate is valid pro vided x/(at) 1/4 < 1.
Con sider next the be hav iour at small times. Ex tract ing an ex po nen tial prefactor and ex pand ing as ymp tot i cally as t ® 0 at con stant x, the lead ing or der be hav iour is:
where -x 2 /4at >1.
Erodable surface thermocouples arrangement
The erodable sur face thermocouples con fig u ra tion con sid ered in the pres ent work is shown in fig. 1 . It con sists of two dis sim i lar rib bon el e ments (chromel-alumel for type-K as an ex am ple), each 50 mm in thick ness, which are in su lated from each other and the surround ing ma te rial, dural sheets in the pres ent work by mica sheets with a thick ness of 5 mm. The same di men sions and the in su la tion ma te ri als have been used for type-E (chromel-con stan tan), type-T (cop per-con stan tan) and type-J (iron-con stan tan). The ther mo cou ple sur face junc tions are cre ated by sand ing the sur face with very fine abra sive pa per or by us ing scal pel blades. In this pro cess, mi cro scopic el e ments of ther mo cou ple ma te rial bridge the cen tral mica in su la tion and junc tions are made near the sur face of the chromel and/or alumel rib bons for type-K (as an ex am ple). This is the rib bon el e ment con fig u ra tion de scribed by Gatowski et al. [15] , ex cept that the sur round ing ma te rial is an alu mi num al loy as used by Oude Nijeweme et al. [18] rather than cast iron. The thermo cou ple sur face junc tions will be in con tact with fluid flow be cause the sur face junc - tion of the ther mo cou ple is very close to the sur face of mea sure ment and the ther mo couple it self placed in side a thread will be flash mounted with the sur face of mea sure ment so that con tact be tween the ther mo cou ple sens ing junc tion with the fluid flow will be perfect for a cer tain en vi ron ment (like shock tube or in ter nal com bus tion en gines).
Finite element model
For sim pli fi ca tion of the FE model, the ther mo cou ple ma te ri als for each ther mocou ple type, K, E, T, and J, were con sid ered as hav ing the same ther mal prop er ties (r, c, k) (i. e. con stant prop er ties in x and y di rec tions). Mak ing this as sump tion, the y-axis in fig. 1 is aligned with a plane of sym me try, and this en ables mod el ling of only half the actual gauge. Al though, this as sump tion is not strictly cor rect (the ac tual dif fer ences in r, c, and k are around 20 per cent ac cord ing to [25, 28] , it is rea son able since there are un certain ties in ther mal prop er ties (in par tic u lar, the ther mal con duc tiv ity) of mica. Given the above un cer tain ties and sim pli fi ca tions, round fig ure es ti mates for the ther mal diffusivity, a, and the ther mal prod uct, (rck) 1/2 , of each ma te rial and for dif fer ent ther mocou ple types were adopted in the anal y sis as pre sented in tab. 1. A FE pack age, ANSYS 9.0, was used in the cur rent work. Any set of r, c, and k val ues, giv ing the de sired val ues of a and (rck) 1/2 , could have been cho sen for use with the soft ware. Den si ties close to the phys i cally cor rect val ues were cho sen for each ma terial and the val ues of c and k are con sis tent with the adopted val ues of a and (rck) 1/2 were de rived (tab. 1). There fore, we as sumed that the ther mal prop er ties for each ther mo couple are uni form and that the ther mo cou ple ma te ri als make per fect ther mal con tact as previ ously ex plained. The heat con duc tion equa tions will be solved for the tem per a ture history in a two di men sional model sub jected to a uni form sur face heat flux by us ing ANSYS 9.0. The FE model ex tended to a dis tance of 0.2 mm in the x-di rec tion and 1 mm in the y-di rec tion. El e ments with mid-side nodes were used. At the ex posed sur face of the ther mo cou ple (y = 0), the el e ment length in the y-di rec tion was 0.5 mm. El e ment lengths in the y-di rec tion in creased with the dis tance from the sur face. At the ex posed sur face of the ther mo cou ple (y = 0), the el e ment length in the x-di rec tion was 0.5 mm within the mica sheets. The sur face of the ther mo cou ple ma te rial was discretized us ing el e ments with an av er age x length of 1.25 mm with the com pres sion to wards the mica ma te rial at either edge of the rib bon. The FE equa tions have been solved by fron tal solver pro gram with num ber of equi lib rium it er a tions of 10000, us ing the tran sient in te gra tion pa ram e ter of 1, with the am pli tude de cay fac tor of 0.005, with the os cil la tion limit cri te rion of 0.5 and the con ver gence tol er ance of 0.00001. The grit size of the abra sive pa per used to create the junc tions will af fect the thick ness of the bridg ing ma te rial, and hence the re sponse of the ther mo cou ple. How ever, for typ i cal gauge con struc tion, de lay or rise times of less than 30 s have been ob served by Gatowski et al. [15] and Buttsworth [26] . Hence, it was not nec es sary to model the ther mo cou ple ma te rial that bridges the mica in su la tion, as the timescales of pri mary in ter est in the pres ent work are of the or der of mil li sec onds. The accu racy of the FE mod el ling was as sessed by con sid er ing a dural sheet with iden ti cal dimen sions and mesh ing to the mica sheet run ning along x = 0 bound ary in the full mode. A step heat flux of 1 MW/m 2 was ap plied at the ex posed sur face of this dural sheet, and the re main ing sur faces of the model had zero heat flux bound ary con di tions. A so lu tion was ob tained us ing a con stant time step size of 2.5 ms up to max i mum time of 10 ms. Fig ure 2 shows the sur face tem per a ture his tory pro duced by the FE mod el ling nor mal ized us ing the semi-in fi nite one-di men sional (si-1D) so lu tion. That is, the sur face tem per a ture from FE so lu tion rel a tive to the ini tial tem per a ture of the ma te rial, T -T i , has been di vided by the si-1D so lu tion as has been re ported by Schultz and Jones [29] :
Fol low ing the step in sur face heat flux (at t = 0), a fi nite time is re quired for the FE so lu tion to ap proach the cor rect so lu tion, (T -T i )/(T -T i ) si-1D = 1, as in dicated in fig. 2 . For the dural ma te rial and a time step size of 2.5 ms, ap prox i mately 30 ms was re quired for the sur face temper a ture to ap proach within 1 per cent of the true so lu tion. The FE so lu tion remains within 1 per cent of the si-1D so lution for up to 7.4 ms. The de par ture of the FE so lu tion af ter ap prox i mately 7.8 ms (see fig. 2 ) is due to the zero heat flux bound ary con di tion at y = 1 mm (the max i mum ex tent of the model), which results in a more rapid rise in sur face temper a ture than would oc cur in a si-1D sit ua tion. The erodable surface thermocouple response to a step in surface heat flux A step heat flux was ap plied at the sur face of the full FE model of the ther mocou ple. Se lected tem per a ture his to ries from the anal y sis are pre sented in figs. 4-7 for type-K, type-E, type-T, and type-J, re spec tively. It can be seen that the sur face tem per a - ture of the mica and ther mo cou ple ma te ri als rises faster than that of the dural be cause of the lower val ues of (rck) 1/2 for the mica and ther mo cou ple ma te ri als (see tab. 1). The surface tem per a ture of the dural rises faster than the si-1D re sults (the bro ken line in fig. 3 ) be cause the heat is con ducted lat er ally into the dural from the mica sheet and ther mo couple rib bon and the model has a fi nite ex tent in the y-di rec tion. The po si tion of the ef fective junc tion lo ca tion on the ther mo cou ple ma te rial is prob a bly af fected by the abra sive pa per grit size used to cre ate the junc tion, while the junc tion lo ca tion will in flu ence the ther mo cou ple re sponse. It was observed that the sur face tem per a ture history for ther mo cou ple type-E is higher value than that for other ther mo cou ple types (K, T, and J) due to the ther mal prop er ties of this ther mo cou ple rib bon and spe cif i cally the ther mal con duc tiv ity as shown in fig. 8 . The ther mo cou ple type-E has ex cel lent ther mal and mechan i cal prop er ties and high ther mo electric power, and it is some times used in place of chromel-alumel (type-K) in indus trial thermocouples. These types of thermocouples (type-E) have a very fast re sponse time about 100 ms, and are very tough; they can with stand pres sures of 600 MPa and tem per a ture fluc tu a tions up to 1600 °C [30] . In ad di tion, the ad van - tage of type-E sur face ther mo cou ple is has been ex ten sively used for tem per a ture mea sure ments in dif fer ent ex per i ments as well as dif fer ent en vi ron ments. It has moder ate sen si tiv ity at low tem per a tures and a low value of ther mal con duc tiv ity of the ther mo cou ple ma te ri als, makes this thermo cou ple suit able for low-tem per a ture exper i ments where small tem per a ture drops are mea sured. The pres ent re sults have been com pared with the ex per i men tal results done by Gai and Joe [22] for type-K.
The com par i son shows sat is fac tory agreement and sim i lar trend. The cen tre of the rib bon has been chosen as a rep re sen ta tive ther mo cou ple junction lo ca tion. Fig ure 9 pres ents the sur face tem per a ture his tory at the cen tre of the ther mo cou ple rib bon type-K nor mal ized us ing the si-1D so lu tion with the value of (rck) 1/2 be ing that of the dural. For the re sults pre sented in fig. 9 for type-K, an ini tial time step size of 5 ns was taken. This re sulted in the fi nite el e ment so lu tion ap proach ing within 1 per cent of the semi-in fi nite one-di men sional so lu tion (T -T i )/(T -T i ) si-1D = 2 at t = 60 ns. The fac tor of 2 arises be cause of the as sumed ther mal prod uct of the dural ma terial is twice that of the ther mo cou ple ma terial of type-K (tab. 1).
The ther mo cou ple be haves in si-1D man ner for only a short time (around 2 ms, see fig. 9 ) be fore the sur face tem per a ture in creases more rap idly ow ing to the ad ditional heat con duc tion into the ther mo couple rib bon from the mica ma te rial. This causes the nor mal ized sur face tem per a ture at the ther mo cou ple rib bon sur face to rise to a peak value of (T -T i )/(T -T i ) si-1D = = 2.24 at t = 72 ms (see fig. 9 ). Af ter this time, the nor mal ized sur face tem per a ture be gins to fall ow ing to lat eral con duc tion of heat away from the ther mo cou ple and mica ma te ri als and into the sur round ing dural ma te ri als. How ever, fig. 10 in di cates that, even at t = 10 ms, the ther mo cou ple sur face tem per a ture for type-K re mains more than 40 per cent higher than the an - tic i pated value for the dural ma te rial if si-1D con di tions ap plied. The fi nite ex tent of the model in y-di rec tion con trib utes less than about 5 per cent to this dif fer ence at t = = 10 ms (see fig. 2 ).
The nor mal ized sur face tem per a ture histo ries at the cen tre of the ther mo cou ple ribbon for type-E, type-T, and type-J are presented in figs. 11-13 with re sponse time of 100 ms and which show sim i lar trend and behav iour as men tioned for ther mo cou ple type-K. It was found that the ther mo cou ple type-E has higher re sponse time com pared with other ther mo cou ple types as shown in fig. 14 for re sponse time 10 ms. The re sults pre sented are qual i ta tively con sis tent with the re sults re ported in [25] .
Erodable surface thermocouple response to different heat flux models
To fully spec ify the prob lem un der con sid er ation, the sur face bound ary con ditions and ini tial con di tions must be pro vided and these will de pend upon the form of the driv ing sur face heat flux to be in ves ti gated. Three cases in the pres ent work were con sid - ered: (a) a square heat flux with 2 ms width, (b) a si nu soi dal sur face heat flux vari a tion width 10 ms pe riod, and (c) re peated heat flux vari a tion with 2 ms width. In the cur rent, the out put of the sys tem is the sur face tem per a ture at the cen ter of the ther mo cou ple ribbon, and the in put to the sys tem is the sur face heat flux which is as sumed to be uni form across the en tire sur face of the sur face ther mo cou ple. Ow ing to the lin ear ity of the govern ing tran sient heat con duc tion equa tions, the heat flux can be con sid ered as a lin ear sys tem. The sys tem im pulse re sponse was iden ti fied by dif fer en ti at ing the tem per a ture his tory ob tained from the FE model with a step heat flux in put. The ther mo cou ple sur face tem per a ture his tory as so ci ated with any par tic u lar heat flux his tory can there fore be simu lated through the con vo lu tion of the ap plied heat flux in put and the im pulse re sponse of the sys tem. To as sess the im pli ca tions of the usual one-di men sional heat con duc tion assump tion, the ap par ent sur face heat flux can be iden ti fied from the sim u lated sur face temper a ture his tory us ing:
ac cord ing to Schultz and Jones [29] , and com pared with the ac tual heat flux in put at the sur face of the gauge. The value of (rck) 1/2 used in eq. (9) was that of the dural ma te rial (tab. 1). The anal y sis de scribed above has been done for three mod els of sur face heat flux his to ries. The first model his tory is a square heat flux pulse of 2 ms width -ac tual (a) in fig. 15 , the sec ond is a si nu soi dal heat flux vari a tion with a pe riod of 10 ms -ac tual (b) in fig. 15 , and the third is a re peated step heat flux vari a tion with 2 ms width -actual (c) in fig. 15 . For the square heat flux pulse, the ap par ent heat flux ini tially exceeds the ac tual heat flux by more than a fac tor of 2 be cause the ini tial tran sient con duc tion pro cess is dom i nated by the ther mo cou ple and mica ma te ri als, rather than by the sur round ing dural ma te rial. The lat eral con duc tion ef fects are re sponsi ble for the ob served form of the ap parent heat flux which have al ready been dis cussed in the pre vi ous sec tion. An impor tant con se quence of the lat eral conduc tion is the neg a tive over shoot that occurs at the trail ing edge of the pulse. In the pres ent case the ap par ent heat flux drops to around -0.7 MW/m 2 , or about -30 per cent of the ap par ent peak value.
The aim of us ing the si nu soi dal vari ation in ac tual heat flux -ac tual (b) in fig.   59 Mohammed, H., Salleh, H., Yusoff, M. Z., The Transient Response for Different Types of ... fig. 15 , was to pro vide a vari ation some what rep re sen ta tive of the heat flux pulses ob served in in ter nal com bus tion engines ex per i ments. The ap par ent heat flux still de vi ates sub stan tially from the ac tual heat flux for the si nu soi dal case. The peak heat flux is more than 50 per cent higher than the actual heat flux be cause the ther mal prop er ties of the em bed ded rib bon and mica dif fer from those of the sur round ing dural ma te rial. A neg a tive over shoot in the heat flux also oc curs for the si nu soi dal vari a tion, al though it is less sig nif i cant than for the square pulse. It was ob served that for the third re peated heat flux model, the ap par ent heat flux ini tially exceeds the ac tual heat flux by more than a fac tor of 2 be cause the dom i na tion of the thermo cou ple and mica ma te ri als, rather than the sur round ing dural ma te rial on the ini tial tran sient con duc tion pro cess and also due to the lat eral con duc tion ef fects. The neg a tive over shoot that oc curs at the trail ing edge of the re peated heat flux was also ob served and it's around -30 per cent of the ap par ent peak value. Be cause of the lim ited space of the paper length, the ap par ent of case (c) was not shown since it shows the same trend as mentioned for the square heat flux pulse. How ever, by 10 ms the fi nite ex tent of the fi nite el ement model in the y-di rec tion in flu ences the re sults, and tend ing to re duce the mag ni tude of the ap par ent heat flux over shoot rel a tive to the value that would be ob tained with a more ex ten sive fi nite el e ment model.
Error sources
The ob served er ror sources in this anal y sis in clude gauge de sign, ma te rial property vari a tions, and lat eral con duc tion heat trans fer and the gauge ge om e try (i. e., the gauge sym me try). We as sert that this re sid ual vari ance, along with vari ance in the predicted heat flux, rec on ciles any dis crep an cies ob served in the heat flux re sults (see fig.  15 ) rel a tive to the es tab lished pre dic tions by an a lyt i cal so lu tions. Fur ther er rors are as soci ated with the un cer tainty in the phys i cal prop er ties of the ther mo cou ple ma te ri als, the dif fer ence in a and k for the two dis sim i lar metal con duc tors and the re duced heat conduc tion away from the sur face may this will be elim i nated by ex per i men tal cal i bra tion. Un der these con di tions more ex treme than those re ported here, the phys i cal prop er ties of the ther mo cou ple ma te ri als change sig nif i cantly with tem per a ture. The re main ing system atic er ror due to the fi nite thick ness of the sur face junc tion so that the ex per i men tal cal i bra tion al lows re duc tion of these er ror sources to any de sired level of ac cu racy.
Conclusions
Four types of erodable sur face thermocouples rib bon el e ment con fig u ra tions have been con sid ered and nu mer i cally as sessed in this study. The pur pose of this work is to pro vide ap pli ca ble re sults to com monly used ther mo cou ple types and also an other inten tion is to alert the work ers to pos si ble er rors aris ing from the ac cepted one-di mensional mod el ling of sim i lar erodable ther mo cou ple con struc tion. There are cer tain lim i tations of the pres ent work in clud ing the non-semi-in fi nite bound ary con di tions and ma te rial prop erty un cer tain ties (par tic u larly for the in su lat ing ma te rial). For the timescales of in ter est in in ter nal com bus tion en gine ex per i ments, it is in cor rect to as sume that the re sponse of the gauge is gov erned by the ther mal prop er ties of the sur round ing ma te rial. The ther mal prop er ties of the sur round ing ma te rial do have an im pact, but the prop er ties of the ther mo cou ple and the in su la tion ma te ri als also make an im por tant contri bu tion to the net response.
A one-di men sional treat ment of the tran sient sur face tem per a ture data pro duced us ing these types of erodable sur face thermocouples ap pear in ap pro pri ate for the timescales of in ter est in in ter nal com bus tion en gine ex per i ments. Sig nif i cant lat eral conduc tion oc curs for events with timescales of be tween 1 and 10 ms (or more). This lat eral con duc tion can re sult in an ap par ent (neg a tive) over shoot in re sponse when the level of heat ing is re duced (if the anal y sis as sumes one-di men sional be hav iour). Such a sit u a tion arises dur ing the ex pan sion stroke of an in ter nal com bus tion en gine, and neg a tive heat flux val ues have been reg is tered for both mo tored en gine by Lawton [17] and fired engine by Oude Nijeweme et al. [18] even when the gas tem per a ture re mains higher than the sur face tem per a ture. The neg a tive heat flux re sults have pre vi ously been ex plained us ing un steady bound ary layer mod els by Oude Nijeweme at al. [18] and Piccini et al. [19] . How ever, the pres ent re sults sug gest that some por tion of the neg a tive heat flux may ac tu ally be an ar ti fact from the one-di men sional tran sient heat con duc tion mod el ling.
It was ob served from this anal y sis that the sur face tem per a ture of the mica and ther mo cou ple ma te ri als rises faster than that of the dural be cause of the lower val ues of (rck) 1/2 for the mica and ther mo cou ple ma te ri als. The sur face tem per a ture of the dural rises faster than the semi-in fi nite one-di men sional re sult be cause of the heat is con ducted lat er ally into the dural from the mica sheet and ther mo cou ple rib bon. It was also found that the ther mo cou ple type-E has higher re sponse time com pared with other ther mo couple types (K, T, and J). Fi nally, if erodable sur face thermocouples are to be used for transient heat flux mea sure ments, the tran sient re sponse of the gauge should be con firmed for the timescales of in ter est us ing fi nite el e ment anal y sis along the lines de scribed in this work and/or a suit able cal i bra tion tech nique given by Gatowski et al. [15] and Buttsworth [26] . If the tran sient con duc tion within the ther mo cou ple can not be treated in a one-di men sional man ner, a two-di men sional anal y sis may be pos si ble with the aid of FE mod el ling to an a lyze such erodable thermocouples. The ex per i men tal work for the fab ri ca tion of four types of these sur face thermocouples are on go ing in or der to val i date the nu mer i cal ther mal tran sient re sponse un der step heat flux bound ary con di tion. The pres ent re sults have been com pared with the ex per i men tal re sults given by Gai and Joe [22] as shown in fig. 8 and it shows sat is fac tory agree ment and sim i lar trend. 
